However, RSV infection also can result in serious disease in children without any of these risk factors.
In animal models, Th2 responses have been implicated in the disease process. In humans, genetic association studies have been performed to study susceptibility to RSV infection, and such studies in children have shown that polymorphisms in interleukin (IL)-4 and the IL-4 receptor are associated with severe RSV disease [3] [4] [5] , confirming a role for Th2 responses in severe RSV bronchiolitis in humans. However, genes involved in various other immune processes have also been implicated in determining susceptibility to or severity of RSV infection. For example, polymorphisms in TLR4, which is involved in innate immunity; IL10, which is involved in regulation of adaptive immunity; IL8, which is involved in chemotaxis; and SPD, which is involved in airway mucosal responses, have been associated with the disease [6] [7] [8] . A recent review of the literature revealed that, altogether, only 13 genes have been studied to determine their association with susceptibility to severe RSV infection [9] . Of these genes, 9 demonstrated association with severe RSV bronchiolitis in at least one study. Apparently, susceptibility to RSV infection is a complex trait, and a broad range of immune-mediated processes play a role.
Both direct virus-induced airway damage and RSV-induced inflammation may contribute to severe disease in RSV-infected children, indicating that, at the time of RSV infection, a complex series of events takes place in which both the virus and the host play a role. Because correlation of disease severity with viral load is controversial [10] [11] [12] , the common belief is that RSV-induced inflammation makes a major contribution to disease severity [1, 2] . Consistent with this belief, ribavirin treatment was shown to be of little clinical benefit [13] [14] [15] , underlining that factors other than viral load play a role. To identify novel genes and biological pathways involved in determining susceptibility to severe RSV infection and to shed light on the complexity of genetic susceptibility to severe RSV bronchiolitis, we performed a large-scale genotyping study by use of a candidate gene approach. On the basis of data available in the literature and the results of our recent gene-expression analyses in a murine model of RSV infection [16] , 384 singlenucleotide polymorphisms (SNPs) in 220 candidate genes involved in a broad array of immunological processes were analyzed.
METHODS

Study design.
The 480 children (median age, 70 days; 10 children were 112 months of age) who were included in the present study were hospitalized for RSV bronchiolitis during 1992-2006. Part of the cohort (i.e., 207 children and their parents) had participated in our previous analyses [4, 8] . RSV infection was confirmed by direct immunofluorescent assay of nasopharyngeal cells. Children with a history of airway morbidity, airway medication, or wheeze were excluded. Blood samples or buccal swab specimens were collected from these 480 children and from both of their parents for DNA isolation. In 13 cases, samples were obtained from the child and from 1 parent only. All parents completed a questionnaire collecting data on medical history, pregnancy, and ethnic origin. An unselected control population [4, 8] of 1030 persons born in The Netherlands (447 of whom had participated in our previous studies [4, 8] ) was randomly taken from the Regenboog study [17] , a large Dutch population health examination survey. All parents provided written, informed consent, and the study was approved by the local ethics committee.
Selection of genes and SNPs. A total of 220 genes were selected based on searches of studies in the literature in which the genes were found in the context of RSV infection, or because they were up-regulated in our murine model of RSV infection by use of microarray analysis [16] . The 220 genes were categorized into 5 processes: (1) the airway mucosal response, (2) innate immunity, (3) chemotaxis, (4) adaptive immunity, and (5) allergic asthma. These 5 processes were selected because, in each process, genetic associations have previously been found. Some genes were categorized in 11 process. The genes, their role in a process, and the 5 processes are presented in table 1 . Genes in the innate immunity category included a group of interferon (IFN)-regulated genes, because these genes were highly up-regulated in the murine lung on RSV infection [16] . Genes involved in chemotaxis were included as a separate category, because a large number of chemokines were induced on RSV infection [16] . All chemokines, their receptors, and several other adhesion factors were included in this category.
Where possible, SNPs were selected on the basis of published associations with any disease or functional parameter. Alternatively, promoter or coding SNPs were selected. This approach was used to increase our chances of selecting SNPs with functional consequences. If such SNPs were not present, HapMapvalidated SNPs with a frequency of 15% were selected. Our initial list of candidate genes contained 1220 genes. However, some genes demonstrated linkage to neighboring candidate genes. In these cases, 1 SNP was used to tag 11 gene-for instance, in the case of chemokine genes CXCL9, CXCL10, and CXCL11. Genes for which no suitable SNPs could be found were excluded. Finally, because of the various constraints of the Illumina procedure, specific primer sets could not be developed for some selected SNPs.
DNA isolation and genotyping. DNA was isolated as described elsewhere [4] . For all children, parents, and control subjects, SNPs were genotyped using Illumina's Beadarray technology on a 384 Sentrix array matrix, according to Illumina's Goldengate protocol. Results for 37 SNPs were excluded because of a low signal, overlapping or multiple clusters, or scattering of the clusters. As a result, genotypes could not be accurately identified from the data. Genotyping failed for 22 control subjects, 10 children, and 15 parents, probably because of poor DNA quality. In our analysis, identical twins were counted as 1 case. Nonidentical twins ( ) and 1 sibpair n p 9 were counted as separate cases. As a result, genotype data for 470 children, 459 mothers, 448 fathers, and 1008 control subjects could be used for analysis. Of the 470 children, 349 were native Dutch (with parents and grandparents born in The Netherlands).
Statistical analysis. The 347 SNPs were all in Hardy-Weinberg equilibrium (
). We performed a novel statistical test P ! .01 using Gauss software (Aptech Systems). This test takes into account both the case-cohort data, using only the Dutch case patients and the control subjects, and the transmission disequilibrium test (TDT) data (i.e., data on the transmission of alleles from parents to children, culled from data for all case- parent trios). Because case-cohort data and TDT data are only partly independent, the test also considers the correlation between the 2 data sets. The standard TDT analysis, which counts transmitted and nontransmitted alleles, yields only the relative risk for the allele. To obtain relative risks for the genotype within the TDT analyses, we used the pseudo-control methodology of Cordell et al. [18] , which constructs matched case-cohort data sets consisting of the case and 3 pseudo controls. Together, the case and 3 pseudo controls form the 4 equally likely genotypes that can arise given the parental genotypes. Under an additive model on the ln(relative risk) scale, pseudo-control methodology yields exactly the same relative risk as does classical TDT analysis. However, there is a slight difference in the way that the standard errors are computed. Pseudo-control methodology takes the trio structure into account, whereas classical TDT analysis ignores that information and counts only transmitted and nontransmitted alleles. New methodology was developed to combine the relative risk estimates from the case-cohort and the case-parent analyses. The methodology that we previously employed for combined analysis used all genotypic information, under the assumption of random mating and Hardy-Weinberg equilibrium [19] . These assumptions may not always be valid and have been criticized by Epstein et al. [20] . In our new approach, we do not attempt to create a joint model of all data; instead, we estimate the correlation between the 2 estimates of the same relative risk and use that correlation in our combination procedure, to obtain an estimate with a minimal SE, as is done in meta-analysis. This methodology enables analysis of all data at the allele level ( ), under the assumption of additive effects df p 1 on the relative risk, and analysis at the genotype level (df p ), without any such assumptions. In this new test, the 2 es-2 timates of the same relative risk (i.e., the relative risks for the TDT and case-cohort analysis) are combined to obtain 1 estimate with a minimal SE, as is done in meta-analysis (for more details, see the Appendix). The "global test" for groups of genes was used to evaluate which processes are associated with RSV bronchiolitis. This test was originally developed for analysis of microarray data, and it generates 1 P value for the association between a group of genes involved in 1 process and disease [21] , by use of the Rpackage globaltest (see the Bioconductor Web page, available at http://www.bioconductor.org/packages/2.0/bioc/html/globaltest .html). The global test was performed only on case-cohort data at the allele level, because it compares distribution of all alleles in a process between unmatched cases and controls. In TDT analysis, pseudo controls are generated based on the parents' genotype, and these are directly compared with their respective cases in a matched case-control analysis. At the moment, there is no version of the global test available for matched casecontrol data.
RESULTS
SNPs associated with RSV bronchiolitis.
Using the Illumina platform, 384 SNPs were identified in 470 children hospitalized for RSV bronchiolitis, their parents, and 1008 Dutch population controls. Genotype determination was successful for 347 of these 384 SNPs. These SNPs are located in 210 of the 220 genes initially analyzed. The complete list of genes for which genotype analysis was successful is presented in table 1. In total, 22 SNPs in 21 genes were associated with severe RSV disease either at the allele or genotype level ( ) (table 2) . The P value P ! .05 calculated using this test is a measure of the variance in RSV susceptibility in the population that can be explained by this association, and it is, therefore, a measure of the strength of the association.
Associations with RSV bronchiolitis were found for genes in all processes: 2 of 47 tested SNPs in genes involved in the local lung response demonstrated such an association, and 11 of 122 innate immunity SNPs, 3 of 70 chemotaxis SNPs, 7 of 102 adaptive immunity SNPs, and 6 of 51 allergic asthma SNPs demonstrated the association (table 1). In one gene (IL4R), 2 SNPs were associated with disease. These SNPs were not in strong linkage disequilibrium, suggesting independent effects. The odds ratio (OR) for all risk alleles was between 1.2 and 1.7, and, for all protective alleles, it was between 0.5 and 0.8, indicating that all individual SNPs have small effects, which is commonly found for associations in complex genetic diseases. ORs and P values for all SNPs are presented in table 3, which shows associations at the allele level, and table 4, which shows associations at the genotype level.
Closer examination of associated SNPs revealed that they could be divided into 3 subgroups. The first subgroup comprised 5 of the 22 SNPs. These SNPs were associated with severe RSV disease both at the allele and genotype level (i.e., an SNP in VDR, JUN, IFNA5, NOS2A, and FCER1A) (table 2). In accordance with this finding, these associations were among those with the lowest P values and the strongest effects as measured by the OR. The first 4 genes are involved in innate immunity and the last gene in allergic asthma. The second subgroup comprised 12 of the 22 associated SNPs. For this group, associations were found only at the allele level (table 2) , indicating a codominant effect. For all these associations, the P value was between .01 and .05. These genes are involved in innate immunity (IFNA13, IL15, STAT1, and TLR8), chemotaxis (CCL8, ITGB2, and VCAM1), adaptive immunity (CD28 and STAT1), and allergic asthma (MS4A2, ADAM33, IL4R, and IL9R). TLR8 is located on the X chromosome, and association was found only in males. The last subgroup comprised 5 of our total of 22 total SNPs. These SNPs showed an association with RSV disease at the genotype level only and were present in genes involved in innate immunity (TNF and NCF2) and adaptive immunity (IL10, IL4R, and IL17). Closer examination of the data revealed that, for all 5 SNPs, heterozygosity was associated with reduced susceptibility to RSV infection. Only for the association with the IL10 SNP was reached. For the other P ! .01 SNPs, the P values were between .01 and .05. For these 5 SNPs, there was no evidence of a trend in relative risks for the genotypes, indicating that these effects were not due to codominance of the allele but, rather, to a specific effect of the heterozygous genotype.
Association between the group of genes involved in innate immunity and RSV bronchiolitis. As in many genetic studies, the strength of the association, as indicated by the P value, was not very high for the SNPs. Therefore, and because of possible spurious association due to multiple testing, our list of associated genes might contain false-positive associations. However, on the basis of the number of associated SNPs in a process, 2 processes (i.e., innate immunity and allergic asthma) were clearly overrepresented. This suggests that, of the 5 processes tested, these 2 processes are most important and are more likely to contain true associations. Interestingly, this also implies that the SNPs in genes involved in chemotaxis, including all tested chemokines, as well as SNPs in genes involved in local lung responses, are less important. However, overrepresentation of associations in a certain process does not take into account the strength of the association. Therefore, an independent statistical test was used to evaluate the importance of the 5 selected processes in susceptibility to RSV bronchiolitis. For this purpose, the global test for groups of genes, which was developed for the analysis of microarray data, was used. This test calculates 1 P value for the association of a group of SNPs. The fact that only 5 groups of genes were tested reduces the problem of multiple testing and may enable the ranking of pathways and biological processes on the basis of their importance in susceptibility to RSV bronchiolitis. The 5 immunological processes are partly overlapping, and, therefore, certain SNPs were included in 11 immunological process. Results, as presented in table 5, reveal that only the group of SNPs in genes involved in innate immunity was associated with susceptibility to RSV bronchiolitis ( ). P ! .05
DISCUSSION
To identify genes and biological pathways important in determining genetic susceptibility to RSV bronchiolitis, we performed a large-scale genetic study that used a candidate gene approach. In total, 22 SNPs in 21 genes demonstrated a significant association with severe RSV bronchiolitis either at the allele or genotype level, or at both levels. Associated genes were found in all pathways tested. However, the 4 SNPs with the strongest association at both the allele and genotype level are located in genes involved in innate immunity (i.e., the VDR, JUN, NOS2A, and IFNA5 genes), highlighting the importance of this pathway. Indeed, the global test evaluating the association of groups of genes also indicated that the group of innate immune SNPs, as a whole, was associated with susceptibility to RSV bronchiolitis. SNPs in allergic asthma genes were overrepresented, but this category did not reach significance in the global test. This could be a reflection of a possible higher degree of linkage between the SNPs in this category, because more SNPs were tested per gene involved in allergic asthma. In addition, the associations of individual SNPs in this category were clearly less strong than those in the category of innate immune genes.
The SNP in VDR (vitamin D receptor) was previously associated with susceptibility to diabetes [22] . Other SNPs in this gene have been associated with susceptibility to tuberculosis and allergic asthma [23, 24] , and the VDR has been implicated in down-regulating interleukin (IL)-12 and IFN-g production [25] . The SNP in NOS2A was previously associated with Parkinson's disease [26] , and inducible nitric oxide synthase (iNOS) has a role in various airway diseases [27] . To our knowledge, the SNPs in the innate immune genes JUN and IFNA5 have never been previously associated with susceptibility to disease. The importance of IFN-a in RSV infection is, however, highlighted by the fact that RSV can interfere with IFN-a production [28, 29] . JUN is part of transcription factor AP-1, which is one of the mediators of proinflammatory cytokine production [30] . Apparently, JUN plays an important role in the host response to RSV infection. The association with FCER1A was also found at both the allele and genotype level, but it was less strong ( to ). This SNP has been P p .01 P p .05 previously associated with altered FcRI expression levels and allergic disease [31] .
The second category of SNPs demonstrated association at the allele level only. These SNPs are present in the genes involved in innate immunity (IFNA13, IL15, STAT1, and TLR8) , chemotaxis (CCL8, ITGB2, and VCAM1), adaptive immunity (CD28 and STAT1), and allergic asthma (MS4A2, ADAM33, IL4R, and IL9R). To our knowledge, the SNPs in genes encoding IL4R, IFNA13, CD28, IL9R, and TLR8 have not been previously associated with disease, although another SNP in IL4R has previously been associated with RSV bronchiolitis [4] . For the IL15 SNP, a haplotype-but not a single SNP-interaction, has been found in association with asthma [32] . For the other SNPs, associations have been found with various diseases, including the severity of fibrosis in hepatitis C virus infection and susceptibility to stroke [33, 34] . Interestingly, this category of SNPs comprises most allergic asthma genes, although the associations found are less strong than those found in the first category of SNPs. Using this larger cohort of children, we could not confirm our previously described association with an SNP in IL4 [4] .
The last category of SNPs demonstrates association at the genotype level only. These SNPs were present in the genes IL10, IL4R, TNF, NCF2, and IL17. In all 5 genes, it appears that the heterozygous genotype has a protective effect on RSV disease, as compared with the major and minor homozygous genotype. Interestingly, a heterozygous advantage is seen for SNPs in 3 cytokine genes and 1 cytokine receptor gene-IL10 (thereby confirming our finding elsewhere [8] ), TNF, IL17, and IL4R-which are all involved in determining the extent of inflammation, whereas tumor necrosis factor (TNF)-a and IL-17 are inducers of inflammation. IL-10 is an inhibitor of Th2 responses and inflammation [35] , and IL-4R is involved in Th2 responses and associated pathological lesions. The apparent heterozygous advantage is not easy to interpret. First, it could be related to the level of local cytokine production or response, which may determine the balance between clearing the virus and the extent of inflammation that occurs. Indeed, the IL4R SNP has been shown to affect the levels of secreted IL-4R that may affect IL-4 responses [36] , and the TNF SNP has been associated with levels of TNF-a production [37] . Interestingly, the latter SNP has also been associated with development of asthma in the Japanese population [38] . Second, cell typespecific regulation of expression may be involved in the heterozygous advantage. Because the TNF, IL10, and IL4R SNPs are promoter SNPs, and because the IL17 SNP is present in the 3 untranslated region, they may all affect gene expression. IL-10 and TNF-a can be produced both by monocytes/macrophages and by T cells, and it is therefore tempting to speculate that regulation of expression of these cytokines differs in these 2 cell types. The TNF SNP has previously been shown to affect binding of the transcription factor Octamer-binding transcription factor-1 [39] . Tissue-specific effects on expression have previously been described for a variable number of tandem repeats in the INS gene that affects expression in the thymus and in the pancreas in an opposite manner [40] . Third, the results could be caused by linkage. The effects of the TNF SNP could, for instance, result from linkage of the TNF region with the HLA region, for which a heterozygous advantage has been shown [41] . The NCF2 SNP results in an amino acid change in this component of the NADPH oxidase, and, to our knowledge, it has never been associated with any disease. Only the IL10 SNP demonstrates a stronger association with RSV bronchiolitis (
). Thus, although we have not established the P ! .01 mechanism, it is clear that heterozygosity for these alleles is associated with reduced susceptibility to RSV infection.
From this work, it is clear that RSV bronchiolitis is a genetically complex disease influenced by many host genes-in particular, by innate immune genes. One of the limitations of genetic association studies is that, for all associations found, it is unclear whether the associated SNPs are causative or whether associations are found because of linkage of selected SNPs to other causative variants. In addition, our list of associated SNPs might contain some false-positive findings. Further genetic analysis, haplotype determination, and functional studies are therefore needed to elucidate the complex pathobiological aspects and genetic nature of RSV disease.
In conclusion, our data show that genetic susceptibility to RSV bronchiolitis is a complex trait. Association of several SNPs in allergic asthma genes may support a model in which alleles that confer susceptibility to allergic asthma also confer susceptibility to RSV infection, although the associations with allergic asthma genes were clearly not the strongest in our study. The genes that demonstrate the strongest association with RSV bronchiolitis are involved in innate immunity, indicating that this process may play a decisive role in determining disease susceptibility and suggesting that early responses to the virus may not only lead to viral clearance but may also be involved in the development of excessive pathology and disease.
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